results indicate that extracellular proteins belonging to the machinery of cell-wall metabolism in the closely related L. casei/paracasei -L. rhamnosus group are most likely involved in the probiotic effects described for these bacteria
lites, proteins, cell-wall constituents or DNA) that are important for the maintenance of intestinal homeostasis, acting at the level of epithelial barrier protection and immunomodulation [Corthesy et al., 2007; Lebeer et al., 2008; Vanderpool et al., 2008; Hörmannsperger and Haller, 2010] . Most of the characterized probiotic-host interactions take place through pattern recognition receptors (e.g. toll-like receptors, TLR) which recognize common molecules present at the bacterial surface (peptidoglycan, lipoteichoic acids) or derived from them (e.g. unmethylated CpG DNA, exopolysaccharides) [Lebeer et al., 2010] . In addition, other secreted or cell surface-exposed probiotic factors have been described, but their nature and targets are poorly known. The GroEL chaperone from Lactobacillus johnsonii La1 is surface located and stimulates interleukin-8 secretion in macrophages [Bergonzelli et al., 2006] . The surface-layer protein A from Lactobacillus acidophilus NCFM binds to the dendritic cell-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) receptor in dendritic cells influencing interleukin production [Konstantinov et al., 2008] . Soluble low-molecular-weight peptides produced by Lactobacillus rhamnosus GG (LGG), one of the most intensively studied probiotic strains, activate MAP kinases and induce cytoprotective heat-shock proteins in intestinal cells [Tao et al., 2006] . Yan and Polk [2002] reported that LGG prevented cytokine-induced apoptosis in intestinal epithelial cells. In fact, the factors responsible for this were present in the LGG culture supernatant and have been identified as two proteins with approximate sizes of 40 and 75 kDa (p40 and p75, respectively). Purified p40 and p75 stimulate Akt activation, display antiapoptotic activity, prevent epithelial barrier damage caused by oxidative agents and decrease susceptibility to dextran sodium sulfate-induced colon epithelial injury in mice [Yan et al., 2007 [Yan et al., , 2010 Seth et al., 2008] . The complete and the partial ORFs encoding p40 and p75 from LGG were determined and showed to code, respectively, for a protein of unknown function and a protein annotated as a putative cell-wall hydrolase [Yan et al., 2007] . In this work, we show that genes encoding homologues to these proteins are also present in other strains of the closely related Lactobacillus casei/paracasei -L. rhamnosus group. We have characterized p40 and p75 proteins from Lactobacillus casei BL23, a strain widely used in genetic and physiologic studies and which displays probiotic effects in animal models [Foligne et al., 2007; Monedero et al., 2007; Rochat et al., 2007] . We have shown that these proteins play a cell-wall hydrolytic role in this host. Yan et al. [2007] reported that Western blot analysis with anti-p40 and anti-p75 sera evidenced the presence of p40 and p75 homologue proteins in L. casei ATCC393 and L. casei ATCC334 but not in L. acidophilus . In fact, a genomic BLAST search of sequences available in the GenBank database (http://www.ncbi.nlm.nih.gov/Genbank/ index.html) revealed that genes encoding p40 and p75 homologues were exclusively found in the genomes of L. casei/paracasei and L. rhamnosus strains. Sequence alignment of p40 ( fig. 1 a) shows that, with the exception of a serine-rich region (amino acids 256-286 in p40 from L. casei BL23), this protein exhibits more than 98% identity within L. casei / paracasei and L. rhamnosus strains. Analysis of p40 domain composition revealed a C-terminal CHAP domain (cysteine, histidine-dependent aminohydrolase/peptidase, PF05257) which is usually present in Nacetylmuranoyl-L -alanine amidases or endopeptidases involved in cell-wall metabolism [Bateman and Raw lings, 2003] . The p40 N-terminal portion comprised a domain of unknown function (COG3883) with low simi larity (about 26-30% amino acid identity) to proteins showing cell-wall binding or peptidoglycan hydrolytic activity from Bacillus , Clostridium , Streptococcus or Listeria species.
Results

p40-and p75-Encoding Genes Are Present in the Genomes of Several Lactobacillus Strains
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nal NLPC/P60 (PF00877) domain and an N-terminal domain of unknown function ( fig. 1 b) . The NLPC/P60 domain is usually found at the C-terminus of bacterial proteins described as putative cell-wall hydrolases of the endopeptidase class and in invasion-associated proteins from pathogens [Anantharaman and Aravind, 2003 ]. p75 from L. casei / paracasei strains were more than 96% identical, whereas identity of L. rhamnosus p75 was more than 98% ( fig. 1 b) . Similarity between both groups fall to a 82% identity due to a region of about 160 amino acids at the N-terminal domain which differed in L. casei/paracasei and L. rhamnosus ( fig. 1 b) . In this region the protein from L. casei / paracasei contained a number of repetitions of the Ala-Ala-Ala-Ser sequence and a proline-rich region, whereas in p75 from L. rhamnosus several repetitions of the Ala-Ala-Ala-Ser-Gln sequence were found. p40 and p75 were predicted to have an N-terminal signal peptide recognized by signal peptidase I and were therefore expected to be secreted. A high degree of synteny was observed in the genome regions coding for p40 and p75. However, their genome contexts did not allow hypothesizing a putative function for both proteins.
p40 and p75 Are Secreted in L. casei BL23 In order to determine the likely function and cellular location of p40 and p75 in L. casei BL23, mutants in LCABL_00230 (encoding p40) and LCABL_02770 (encoding p75) were constructed in this strain by integration of a plasmid carrying internal fragments of the genes. The obtained mutants BL305 (LCABL_00230::pRV300) and BL306 (LCABL_02770::pRV300) were analyzed for the presence of p40 and p75 in culture supernatants by using sera raised against LGG proteins [Yan et al., 2007] ( fig. 2 ). LGG anti-p40 antibodies reacted against 40-and 75-kDa protein bands present in supernatants of BL23. The 40-kDa band disappeared in BL305 supernatants and the 75-kDa band disappeared in samples from the BL306 strain ( fig. 2 a) . These results confirmed that, as previously reported for LGG, antibodies against p40 cross-reacted to p75 [Yan et al., 2007] . However, no obvious homology was identified between both proteins.
LGG anti-p75 antibodies detected a 75-kDa protein which disappeared in the BL306 strain ( fig. 2 b) . In accordance to the mutation present in BL306, faint bands of less than 30 kDa were observed in the supernatant of this strain, which were probably the result of truncated p75 derived from the gene disruption by single cross-over. The results confirmed that, as expected, p40 and p75 were secreted in L. casei BL23. A Western blot screening for the presence of p40-and p75-like proteins in the supernatants of several L. casei / paracasei strains from different origins revealed the presence of reacting bands in BL306  BL305  MRS broth  BL23  BL306  BL305  MRS broth   p75   kDa   72  55  43  BL6  BL23  BL32  BL82  BL83  BL87  BL90  BL91  BL101  BL106  BL193  BL199  BL208  BL212  BL227  BL229   BL6  BL23  BL32  BL82  BL83  BL87  BL90  BL91  BL101  BL106  BL193  BL199  BL208  BL212  BL227  BL229   p75  p40   p75 Anti-p40
Anti-p75 all the strains ( fig. 3 ). This reinforced the idea that these proteins are common in this bacterial group. Small differences in size were detected among the strains, indicating a certain variation in the proteins. In one case, the lower molecular weight detected in p40 could be attributed to changes at the level of protein sequence: compared to the rest of L. casei/paracasei sequenced strains, p40 from ATCC334 (BL90) had a deletion of 15 amino acids ( fig. 1 a) , which resulted in a smaller protein of 38 kDa. Only two strains (BL199 and BL212) showed a clear difference in the band pattern, suggesting the presence of different forms of p40 and p75 or proteolysis of the secreted proteins.
p75 Is Involved in Cell Separation
The p40-disrupted mutant (BL305) showed a growth behavior similar to the wild type. However, the p75-disrupted strain (BL306) exhibited an autoaggregating phenotype in liquid medium ( fig. 4 a) . Under the microscope, BL305 displayed some curved forms and shorter bacilli (3.2 8 0.7 m) than BL23 (4.1 8 1.2 m), whereas BL306 (p75) cells formed very long chains of more than 100 m ( fig. 4 b) . These long chains were probably responsible for the macroscopic characteristics of the strain in liquid cultures, as they tended to interlace forming cords and balls, and suggested that in this mutant the capacity of cell separation after division was impaired. p40 and p75 could be extracted from the L. casei cell surface by a simple cold water treatment (data not shown) or by extraction with 1.5 M LiCl, whereas they were absent from the cytoplasmic fraction ( fig. 5 ). These results indicated that a fraction of the proteins is attached to the cell surface but not tightly bound to it. p40 and p75 Are Able to Hydrolyze L. casei Muropeptides Sequence analysis, cellular location and the phenotype of an L. casei strain lacking p75 (BL306) suggested that p40 and p75 proteins are enzymes involved in the metabolism of the L. casei cell wall. p40 and p75 proteins from L. casei BL23 were purified as GST fusions and assayed for the hydrolysis of muropeptides obtained by hydrolysis of L. casei cell walls with mutanolysin. Figure 6 shows the HPLC chromatograms of L. casei muropeptides after incubation with the purified proteins. Whereas incubation with a GST control did not change the muropeptide profile, GST-p40 and GST-p75 reduced the amount of the most hydrophobic peptides and resulted in the appearance of polar products, possibly smaller peptides, which indicate hydrolytic activity on muropeptides. Therefore, since they are c ell-wall-bound mu ramidases, genes encoding p40 and p75 will hereinafter be called cmuA and cmuB , respectively. 
p40 and p75 from L. casei Stimulate Epidermal Growth Factor Receptor Phosphorylation in Mice
The probiotic activity of LGG p40 has been reported to involve epidermal growth factor receptor (EGFR) and this protein is able to activate the EGFR pathway in an ex vivo colon organ culture model and in vivo [Yan et al., 2010] . Therefore, we tested whether the L. casei BL23 p40 and p75 proteins exhibited a similar activity. Figure 7 shows that incubation of mouse colon fragments with either GST-p40 or GST-p75 stimulated EGFR phosphorylation similar to p40 purified from LGG.
L. casei p40 and p75 Bind to Extracellular Matrix Proteins and Epithelial Cells
Some surface-associated proteins displaying cell-wall hydrolytic activity from staphylococci, enterococci and Listeria are adhesion molecules with extracellular matrix (ECM) and eukaryotic cell binding activity [Milohanic et al., 2001; Teng et al., 2003; Heilmann et al., 2005] . In order to test this possibility, in vitro binding to immobilized mucin, to the ECM proteins fibronectin, fibrinogen and Mouse colon fragments were incubated with 10 ng/ml of each protein for 2 h and phosphorylation of EGFR was detected with anti-EGFR-phospho-Tyr1068 antibodies.
LGG p40 is p40 from L. rhamnosus GG. Anti-actin antibodies were used as a loading control.
collagen and to T84 and Caco-2 epithelial cells was assayed with GST-p40 and GST-p75. Figure 8 a shows that GST-p40 and GST-p75 bound to mucin and collagen in a dose-dependent and saturable manner. No binding was detected for fibronectin or fibrinogen (data not shown). Both fusions bound to BSA much less efficiently. Control experiments in which GST activity was determined in the wells after washing demonstrated that GST by itself did not bind to these molecules (data not shown). Both proteins were also able to bind to T84 and Caco-2 epithelial cells ( fig. 8 b) .
Discussion
Most proteins from probiotic bacteria identified as factors interacting with host cells are non-specialized proteins actually implicated in other bacterial processes. This included the EF-Tu translation elongation factor and the molecular chaperone GroEL from L. johnsonii [Granato et al., 2004; Bergonzelli et al., 2006] , different glycolytic enzymes from Lactobacillus plantarum and Lactobacillus crispatus [Hurmalainen et al., 2007; Kinoshita et al., 2008; Ramiah et al., 2008] , and the surfacelayer protein A from L. acidophilus [Konstantinov et al., 2008] , involved in epithelial cells and ECM attachment, plasminogen activation and immunoregulation. We showed here that two proteins, p40 and p75, identified as probiotic factors in LGG and also present in members of the L. casei / paracasei -L. rhamnosus group, fitted into the group of cell-wall hydrolases, also known as autolysins.
Bacterial autolysins comprise a group of enzymes which display the complete set of activities for peptidoglycan hydrolysis (N-acetyl-muramoyl-L -alanine amidase, N-acetylglucosaminidase, endopeptidase, carboxypeptidase and N-acetylmuramidase) and play a crucial role in bacterial cell growth, shape maintenance and division. p40 and p75 are modular proteins which carry carboxy-terminal catalytic domains with putative amidase and endopeptidase activity, respectively, and N-terminal domains that could be implicated in their interaction with peptidoglycan. In this sense, p75 is an atypical pep- 
